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RNA-binding activitiesPlant ﬂoral transition is a major developmental switch regulated by an integrated network of pathways.
Arabidopsis FLOWERING LOCUS K (FLK), a protein with three KH RNA-binding domains, operates in the
autonomous ﬂowering-promotive pathway by decreasing the transcript levels of the key ﬂowering repressor
FLOWERING LOCUS C (FLC). Here we report that PEPPER (PEP), an FLK paralog previously shown to affect
vegetative and pistil development, antagonizes FLK by positively regulating FLC. Lack of PEP function rescues
the ﬂk late-ﬂowering phenotype with a concomitant decrease in FLC RNA levels. Loss of HUA2, another FLC
activator encoding an RNA-binding protein, further rescues ﬂk, being ﬂk hua2 pep triple mutants virtually
wild-type regarding ﬂowering time. Consistently, PEP overexpression determines high levels of FLC
transcripts and ﬂowering delay. Genetic and molecular analyses indicate that FLK and PEP act independently
of FCA, another important FLC repressor in the autonomous pathway. In addition, we present data suggesting
that PEP may affect FLC expression at both transcriptional and post-transcriptional levels. Overall, our results
uncover PEP as a new factor for FLC upregulation, underscoring the importance of RNA-binding activities
during developmental timing of ﬂowering.© 2009 Elsevier Inc. All rights reserved.Introduction
A crucial issue for plants, timing of ﬂowering, requires integration
of internal and environmental cues in order to maximize reproductive
success. Genetic and molecular analyses in the reference plant Arabi-
dopsis thaliana have led to signiﬁcant progress in our understanding of
how this integration is accomplished. The ﬂoral transition is governed
by a genetic framework constituted by multiple pathways that
promote or repress ﬂowering in a quantitative manner (Mouradov
et al., 2002; Simpson and Dean, 2002; Boss et al., 2004). These
pathways converge in a common set of ﬂoral integrator genes as
FLOWERING LOCUS T (FT), SUPRESSOR OF OVEREXPRESION OF CON-
STANS1 (SOC1) and LEAFY (LFY) which, in turn, control downstream
ﬂoral initiation activities (Boss et al., 2004; Moon et al., 2005; Lee
et al., 2006). Thus, day-length and light quality are perceived by the
photoperiod pathway, stimulating ﬂowering by positive regulation ofiology, University of California
a de Poniente, 4, 28760 Tres
l rights reserved.FT and SOC1 via the zinc-ﬁnger transcription factor CONSTANS (CO),
whereas the gibberellin (GA) pathway activates SOC1 and LFY
(Blázquez et al., 1998; Blázquez and Weigel, 2000; Lee et al., 2000,
2006). The above inductive effects are counteracted by the central
ﬂoral repressor FLOWERING LOCUS C (FLC), a MADS-box transcription
factor (Michaels and Amasino, 1999) which represses FT and SOC1
(Hepworth et al., 2002; Helliwell et al., 2006; Lee et al., 2006; Searle et
al., 2006). FLC itself is tightly regulated. In winter-annual Arabidopsis
accessions, the vernalization pathway brings about stable epigenetic
silencing of the FLC locus after prolonged exposure to cold tempera-
tures (vernalization), a requirement to overcome FLC upregulation
fostered by dominant FRIGIDA (FRI) alleles (Michaels and Amasino,
2001; Sung and Amasino, 2005). In rapid-cycling accessions with
amorphic fri alleles, as commonly used laboratory strains Columbia
(Col) and Landsberg erecta (Ler), mutants of the constitutive or
autonomous pathway are late-ﬂowering and vernalization-responsive
since this pathway also enables ﬂowering by preventing FLC mRNA
accumulation (Henderson and Dean, 2004; Quesada et al., 2005; Sung
and Amasino, 2005).
Unlike other ﬂowering inductive routes, former genetic analyses
suggested that known components of the autonomous pathway do
not follow a linear hierarchy but they regulate FLC independently as a
group of redundant subpathways (Boss et al., 2004; Quesada et al.,
252 J.J. Ripoll et al. / Developmental Biology 333 (2009) 251–2622005). In addition, they seemed to affect different molecular
processes. Thus, LUMINIDEPENDENS (LD) encodes a homeodomain
protein (Lee et al., 1994), FVE encodes a component of a histone
deacetylase complex (Ausin et al., 2004; Kim et al., 2004), and
FLOWERING LOCUS D (FLD) encodes a homolog of human histone
demethylase (He et al., 2003). The remaining genes encode proteins
predicted to be involved in RNA processing (Quesada et al., 2005) as
FCA and FPA, containing RNA-recognition motifs (RRM; Macknight et
al., 1997; Schomburg et al., 2001). FCA is able to auto-regulate its
expression by promoting cleavage and polyadenylation of its own
third intron (Quesada et al., 2003) with the cooperation of
polyadenylation factors FY and PCFS4 (Simpson et al., 2003; Xing et
al., 2008). Recent ﬁndings, however, show that FCA and FPA function
in parallel to suppress FLC transcription via chromatin silencing. This
process is mediated (at least in part) by small interfering RNAs
(siRNAs; Bäurle et al., 2007). Studies based on suppression of
transgenes, transposons and the FLC locus itself indicate that multiple
components of the autonomous pathwaymay work in this way (He et
al., 2003; Ausin et al., 2004; Bäurle et al., 2007; Liu et al., 2007; Bäurle
and Dean, 2008; Veley and Michaels, 2008). In fact, FCA and FPA
repressive action is at least partially dependent on FLD demethylase
activity, which operates downstream from both RRM proteins (Liu et
al., 2007; Bäurle and Dean, 2008).
Another component of the autonomous pathway is FLK, a
polypeptide with three K-homology (KH) RNA-binding domains
(Lim et al., 2004; Mockler et al., 2004) related to the poly(rC)-binding
protein (PCBP) group of heterogeneous nuclear ribonucleoproteins
(hnRNPs; Makeyev and Liebhaber, 2002). Originally identiﬁed in the
human hnRNP K (Siomi et al., 1993), the KH domain provides a
structural basis for RNA–protein and protein–protein interactions
(Grishin, 2001; Makeyev and Liebhaber, 2002; Valverde et al., 2008).
Indeed, mutations in the KHmotif may lead to dramatic phenotypes in
animals (Zorn and Krieg, 1997; Liu et al., 2008) including human
syndromes as X-fragile due to impairment of the FMRP1 gene (Siomi
et al., 1994). Additionally, several reports implicate hnRNP K in
tumorigenesis, being misexpression of diverse KH proteins of the
PCBP type associated with aggressive forms of cancer (Carpenter et al.,
2006; Molinaro et al., 2006).
The Arabidopsis KH gene family comprises 26 members, very few
of which have been functionally characterized (Lorković and Barta,
2002). Namely, HUA ENHANCER4 (HEN4), a protein with ﬁve KH
domains, facilitates pre-mRNA processing of AGAMOUS (AG), a gene
encoding a structurally FLC-related MADS-box transcription factor
crucial for ﬂower development (Yanofsky et al., 1990). This action is
performed in concert with other RNA-binding proteins such as HUA1,
HUA2 and HEN2 (Cheng et al., 2003). At least HUA2 and HEN4 seem to
be involved in FLC regulation as well (Cheng et al., 2003; Doyle et al.,
2005).
We previously characterized PEPPER (PEP), a close FLK paralog also
encoding a PCBP with a triple KH-domain conﬁguration, which affects
several aspects of plant morphogenesis (Ripoll et al., 2006). Now, a
genetic and molecular study identiﬁes PEP as a new factor affecting
ﬂowering time bymeans of FLC activation. PEP overexpression induces
FLC upregulation and a concomitant late-ﬂowering phenotype which
is abolished in an ﬂc background. Congruently, pep loss-of-function
mutations reduce FLC expression and partially suppress the ﬂk late-
ﬂowering phenotype. Lateness of ﬂk is also rescued by hua2, being
ﬂowering time of the ﬂk hua2 pep triple mutants similar to that of the
wild type. Additionally, genetic and molecular data locate FLK and PEP
in pathway(s) independent from FCA, an autonomous-pathway gene
encoding a putative RNA-binding protein shown to repress FLC
transcription (Bäurle et al., 2007; Liu et al., 2007; Bäurle and Dean,
2008). Interestingly, analysis of spliced and intron-containing FLC
transcripts suggests a dual role for PEP during transcription and
subsequent modiﬁcations of the nascent transcript. Curiously, loss of
PEP function also leads to upregulation of several FLC homologs ofthe MADS AFFECTING FLOWERING (MAF) group of genes. Our results
underscore the importance of RNA-binding activities in the mechan-
isms governing the ﬂoral transition, providing new insights about FLC
regulation and the functions of PCBP-type KH proteins in plant
development.
Materials and methods
Arabidopsis strains, growth conditions and genetic interactions
All the strains used in this study were in the Columbia (Col-0)
background. T-DNA mutant alleles pep-2 and pep-4 (Ripoll et al.,
2006), ﬂk-2 (Mockler et al., 2004) and hua2-4 (Doyle et al., 2005)
were previously characterized. The ﬂc-3 allele carries a 104-bp
deletion encompassing the initiation codon (Michaels and Amasino,
1999), and the fca-9 mutation produces a short truncated protein
(Page et al., 1999). Speciﬁc sets of oligonucleotides were designed for
PCR genotyping (a list of oligonucleotides and genotyping details can
be found in Table S1 in supplementary material).
Seeds were stratiﬁed for two days at 4 °C and germinated at 20–
22 °C (Ripoll et al., 2006), either with continuous cool white
ﬂuorescent light (LD, long-day conditions) or subject to a short-day
regime (SD, 8 h light, 16 h dark) in growth chambers (SanyoMLR-350-
H, 7000 lx). For genetic crossings, homozygous single mutants were
cross-fertilized and double mutants were identiﬁed among the F2
segregants by molecular genotyping. Subsequently, phenotypes were
analyzed and conﬁrmed by examining their progeny in the next
generations.
Microscopy
For localization of green ﬂuorescent protein (GFP), roots were
excised, mounted with water and analyzed with a Leica TCS-NT
scanning laser confocal microscope equipped with FITC/TRITC ﬁlters.
Emission at 522 nm (green) was used.
Flowering time measurements
Flowering time was determined by counting the number of days
and/or rosette leaves produced from sowing to bolting. At least 40 to
50 plants were analyzed for each genotype in any light regime and/or
treatment used in this study, and a minimum of two independent
experiments were performed, except for fca-9 35S::PEPwhere only 18
plants were examined. For each measurement, arithmetic mean and
standard deviation were calculated.
Vernalization and gibberellin effects
Vernalization was as described (Ratcliffe et al., 2001), except that
plants were cold-treated (4 °C) during ﬁve weeks before being
transferred to standard conditions (20–22 °C). Plants were sprayed
with a 20 μMgibberellin (GA3) solution twice aweek until boltingwas
observed (Lim et al., 2004). Both treatments were under continuous
light.
Plasmid construction, transformation and isolation of transgenic lines
A proofreading cocktail of DNA polymerases (High Fidelity, Roche
Diagnostics) was employed to amplify the PEP cDNA from the RIKEN
Arabidopsis full-length cDNA clone RAFL08-13-K20 (http://rarge.gsc.
riken.go.jp/cdna/cdna.pl; Seki et al., 1998, 2002). After sequencing,
the fragment was cloned into the T-DNA of the pBIN-JIT vector
(Ferrándiz et al., 2000) between the SalI and SmaI sites (included in
the amplifying primers, Table S1), thereby placing the insert under the
control of two tandem copies of the Cauliﬂower Mosaic Virus
Promoter (35 S). The construction is referred to as 35S::PEP.
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containing the EcoRI and SmaI restriction targets respectively (Table
S1), and cloned between the corresponding T-DNA sites of the pEGAD
vector (Cutler et al., 2000). In this way, PEP coding region was located
in-frame at the 3′ end of the GFP coding sequence, under the control of
the 35 S promoter. The fusion protein construct is referred to as 35S::
GFP-PEP.
Correct cloningwas ensured by sequencing positive clones. Vectors
were then introduced into A. tumefaciens (C58C1 strain) by electro-
poration and plants were infected using a ﬂoral dip procedure (Clough
and Bent, 1998). Kanamycin (35S::PEP) and basta herbicide (35S::GFP-
PEP) resistant transformants were selected and their progeny was
collected for testing resistance and phenotype analyses in the T2 and
subsequent generations. Phenotypic analyses were always conducted
with plants growing on non-selectable media.
RT-PCR
RNA levels were monitored by semiquantitative reverse transcrip-
tase-PCR (RT-PCR) essentially as described (Ripoll et al., 2006) with
somemodiﬁcations. Brieﬂy, RNAwas extracted from pooled 8-day-old
whole rosettes (two days at 4 °C and eight days at 20–22 °C under
long-day conditions). After reverse transcription, 20-, 25- and 30-
cycle proﬁles were used for RNA detection. Samples were run in
agarose gels and then visualized by ethidium bromide. Relative RNA
levels were normalized to the constitutively expressed ACT2 gene (An
et al., 1996) and to the wild type.
For quantitative real-time RT-PCR, total RNA (2 μg) was extracted
from pooled rosette leaves with the NucleoSpin RNA Plant kit
(Macherey-Nagel) and subject to retrotranscription by using the
Expand-RT enzyme (Roche Diagnostics). Quantitative PCR was
performed in a Lightcycler 1.5 apparatus (Roche Diagnostics) with
the LightCycler® FastStart DNA Master SYBR Green I ampliﬁcation kit,
following the manufacturer's instructions (Roche Diagnostics).
Expression levels were normalized to the ACT2 gene and to the
corresponding wild-type levels. For expression analyses only inter-
assay replicates (n=3) with a standard deviation lower than 1% were
taken into consideration. Expression results were ﬁnally obtained by
an efﬁciency correction quantiﬁcation method (Pfafﬂ, 2001). Values
were expressed as means±standard errors (SE). See Table S1 for
oligonucleotide sequences.
Results
pep mutations rescue the ﬂk late-ﬂowering phenotype
We previously characterized the KH-containing gene PEP (Ripoll
et al., 2006) whose function affects vegetative and pistil morpho-
genesis and shares 42.4% amino acid identity with FLK, a close paralog
involved in ﬂowering time regulation (Lim et al., 2004; Mockler et al.,
2004). We sought to determine if PEP plays a role in ﬂowering time
control. To this end, we constructed ﬂk-2 pep-4 and ﬂk-2 pep-2 double
mutants in a homogeneous Columbia (Col-0) genetic background.
Both ﬂk-2 (Mockler et al., 2004) and pep-4 (Ripoll et al., 2006) are
complete loss-of-function recessive alleles. On the other hand, pep-2
is a stronger-than-null allele regarding diverse developmental
phenotypes previously described (Ripoll et al., 2006), yet inherited
in a recessive manner. Therefore, this allele most probably represents
a recessive interfering mutation (Strader et al., 2004; Ripoll et al.,
2006). However, in terms of ﬂowering time regulation, pep-2 and the
null allele pep-4 do not exhibit a signiﬁcantly different behavior (see
below).
As previously reported (Mockler et al., 2004), ﬂk-2 plants were
late-ﬂowering under long-day conditions (LD, Fig. 1). By contrast, pep
single mutants showed very mild early-ﬂowering phenotypes close to
wild-type values (Fig. 1B). Interestingly, both pep mutations couldrescue the late-ﬂowering phenotype of ﬂk-2 under LD conditions,
although not completely, likely due to PEP redundancywith additional
gene activities. Partial rescue of ﬂk-2 late ﬂowering by both pep alleles
also took place under short-day conditions (SD; Fig. 1B). In SD,
measurements were stopped at 100 days after sowing and, as
previously described by others (Lim et al., 2004; Mockler et al.,
2004), many ﬂk individuals failed to ﬂower during this period.
Therefore, the results shown under SD conditions (Fig. 1B) actually
include bolting data from just a few ﬂk-2 plants and clearly under-
estimate differences between ﬂk-2 and the rest of genotypes. Taken
together, these data suggest that PEPmay act as a negative regulator of
ﬂowering.
PEP overexpression mimics loss-of-function autonomous-pathway
mutants
To further investigate if PEP works as a repressor of ﬂowering, we
placed the PEP cDNA sequence under the control of the constitutive
viral 35S-promoter to transform wild-type plants. Independent
homozygotic transgenic lines (35S::PEP plants) were obtained for
subsequent studies, showing no obvious morphological phenotypes.
In contrast, late ﬂowering was observed (Figs. 2A, B and S1).
Moreover, 35S::PEP individuals actively responded to vernalization
and gibberellin (GA) treatment (Figs. 2B and S1), also retaining a
noticeable delay in ﬂowering under SD conditions with respect to the
wild type (Fig. 2C). All these features are common to loss-of-function
mutants of known elements of the autonomous pathway, whose main
function at the molecular level consists in suppressing the expression
of the main repressor of ﬂowering FLC (Quesada et al., 2005). On the
contrary, some ﬂowering inhibitors may increase FLC expression.
Therefore, we assayed our mutants for FLC transcript levels. At the
time of RNA extraction (8-day-old plants), FLC level was relatively low
in the wild type (Fig. S2) and even lower in pepmutants (Figs. 2D and
S2). This result is consistent with FLC mRNA being undetectable by
northern hybridization in Columbia plants of similar age (Michaels
and Amasino, 1999). As expected (Lim et al., 2004; Mockler et al.,
2004), a high level of FLC transcript was observed in ﬂk-2 (Figs. 2D
and S2). Importantly, plants overexpressing PEP also showed a
noticeable increase of FLC mRNA as compared to the wild type (Figs.
2D and S2), nicely ﬁtting with their late-ﬂowering phenotype. Quite
interestingly, relative FLC transcript amounts diminished in ﬂk-2 pep-
4 as compared to ﬂk-2 plants, although not to wild-type levels (Figs.
2D and see also 4B), being consistent with partial rescue accomplished
by pep mutations (Fig. 1).
To substantiate these results, we measured the expression levels
of the ﬂoral integrator gene FT, which is subject to direct
downregulation by FLC (Helliwell et al., 2006; Lee et al., 2006;
Searle et al., 2006). As depicted in Fig. 2E, FT levels were higher in
pep-4 mutants while sharply decreased in 35S::PEP individuals
with respect to the wild-type plants, which inversely correlates with
relative levels of FLC in both loss- and gain-of-function PEP mutants
respectively (Fig. 2D).
In light of the above results, PEP should be considered as a
positive regulator of FLC. However, to further deﬁne the role of PEP
on FLC regulation, we analyzed genetic interactions between the ﬂc-3
null allele (Michaels and Amasino, 1999) and the 35S::PEP construct.
Absolute absence of FLC gene function only generates a very mild
acceleration of the ﬂoral transition, yet it is epistatic over late-
ﬂowering development caused by dominant FRI alleles and recessive
loss-of-function mutations in autonomous-pathway genes (Michaels
and Amasino, 2001). As shown in Fig. 3A, pep-4, ﬂc-3, and ﬂc-3 pep-4
plants ﬂowered as the wild type or just slightly earlier. Most
interestingly, the delay induced by PEP overexpression was virtually
abolished in the ﬂc-3 background (Fig. 3) which strongly suggests
that most of PEP action on ﬂowering is relayed by its positive effect
on FLC.
Fig. 1. pep mutations rescue the ﬂk late-ﬂowering phenotype. (A) 40-day-old plants of wild type (WT) and ﬂk-2, ﬂk-2 pep-2 and ﬂk-2 pep-4 mutant strains grown under long-day
conditions (LD). Scale bar 5 cm. (B) Flowering time under different light regimes. SD, short-day conditions (8 h light/16 h dark). Error bars indicate standard error (SE, n ≥40).
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Incomplete recovery of ﬂowering time in ﬂk pep double mutants
sets forth a question regarding the nature of gene activities over-
lapping with PEP. One of such factors might be HUA2, an RPR-domain
protein involved in AG transcript processing, thereby affecting ﬂower
organ morphogenesis (Chen and Meyerowitz, 1999; Western et al.,
2002; Cheng et al., 2003). HUA2 also plays a role in ﬂowering time
regulation and vegetative development (Doyle et al., 2005; Wang et
al., 2007). Although hua2 mutations induce only slightly precocious
ﬂowering in an otherwise wild-type background (as pep), they
partially rescue late ﬂowering caused by FRI and some loss-of-
function autonomous-pathway mutants by reducing FLC levels (Doyle
et al., 2005).
Guided by the above observations, we used the hua2-4 allele
(Doyle et al., 2005) to construct diverse mutant combinations. As
previously reported (Doyle et al., 2005), hua2-4 plants ﬂowered
slightly earlier than Col-0, yet ﬂk-2 ﬂowering time was signiﬁcantly
reduced when combined with hua2-4 (Figs. 4A and S3), similar to ﬂk-2 pep double mutants (Fig. 1). This is consistent with prior
observations in ld hua2 and fpa hua2 mutant combinations (Doyle et
al. 2005). Congruently, ﬂk-2 lateness was further mitigated near to
wild-type levels in ﬂk-2 hua2-4 pep-4 individuals (Figs. 4A and S3).
Genetic results were corroborated by FLC expression studies (Fig.
4B). As previously shown for pep-4 plants (Fig. 2D), FLC transcript
levels were considerably reduced in hua2-4 mutants with respect to
the wild type. Likewise, FLC expression clearly diminished in both ﬂk-
2 pep-4 and ﬂk-2 hua2–4 plants as compared to the ﬂk-2 single
mutant. Notably, FLC RNA levels were even lower in the ﬂk-2 hua2-4
triple mutant, in nice concordance with genetic data. In fact,
simultaneous loss of both FLC-activating gene activities in the ﬂk-2
background produced a synergistic effect leading to a strong fall in FLC
expression even below wild-type levels (Fig. 4B).
Our results indicate that PEP and HUA2 act in concert preventing
the ﬂoral transition by activating FLC, although further experimenta-
tion should be required to elucidate whether both gene products act
independently or not. Anyway, since hua2 mutations also interfere
with other late-ﬂowering mutants distinct to those affected in the
Fig. 2. PEP overexpression delays ﬂowering. (A) Representative 27-day-old WT (left) and transgenic plants carrying the 35S::PEP construct (right). Scale bar 3 cm. (B) Flowering
time of 35S::PEP plants under LD conditions, including vernalization and GA effects. (C) Flowering time of 35S::PEP plants under SD conditions. Error bars in panels B and C
indicate SE (n≥40). (D) Expression levels of FLC measured by real-time PCR. Ampliﬁcation of a fully spliced product between FLC introns 2 and 5 was used to monitor the
expression of the gene (see Table S1 for details). (E) Real-time PCR expression analysis of the FT gene. Values in panels D and E are means±SE corresponding to at least three
interassay replicates.
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role for PEP in other ﬂowering-promotive pathways. To address this
issue the co pep double mutant was generated, ﬁnding no difference
with the late-ﬂowering phenotype of single co mutants (not shown).
This result suggests that PEP does not impinge on the photoperiod
pathway or, alternatively, its role is masked by a higher level of genetic
redundancy.Regulation of MAF genes by PEP
In a further attempt to investigate whether PEP plays a role in FLC-
independent pathway(s) we examined the expression levels of genes
included in the FLC clade. FLC belongs to a small gene family together
with ﬁve closely related MADS-box genes, FLOWERING LOCUS M
(FLM)/MADS AFFECTING FLOWERING 1 (MAF1), located at the
Fig. 3. The ﬂc-3mutation is epistatic to PEP overexpression. (A) Flowering time under LD conditions. WT, pep-4, and 35S::PEP plants correspond to different sample sets from those
represented in previous ﬁgures. Error bars indicate SE (n≥40). (B) Representative 24-day-old ﬂc-3 35S::PEP (left), 35S::PEP (center) and ﬂc-3 (right) individuals. Scale bar, 3 cm.
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the bottom of chromosome V (Ratcliffe et al., 2001, 2003; Scortecci
et al., 2001). As Fig. 5A illustrates, the expression of MAF1 was
unaffected by either loss or gain of PEP function. MAF1 is a repressor
of ﬂowering that modulates sensitivity to temperature (Balasubra-
manian et al., 2006) and suppresses late-ﬂowering phenotypes of coFig. 4. Loss of HUA2 also rescues ﬂk. (A) Flowering time under LD conditions. WT, pep-4,
and ﬂk-2 plants correspond to different sample sets from those represented in previous
ﬁgures. Error bars indicate SE (n ≥40). (B) Real-time PCR analysis of FLC mRNA in WT
and diverse mutant backgrounds as described above (Fig. 2D). Values are means±SE
corresponding to at least three interassay replicates.and gigantea (gi) photoperiod mutants (Scortecci et al., 2003).
Therefore, our results are consistent with pep mutations not
affecting late ﬂowering in plants carrying the co mutation, which
further suggests that PEP does not play a signiﬁcant role (if any) in
the photoperiod pathway.
However, the expression of MAF2 to MAF5 genes increased in the
pep-4 background in comparison to the wild type (Figs. 5B–E).
Moreover, MAF2 and MAF3 expression clearly declined in 35S::PEP
plants (Figs. 5B and C). These observations were repeatedly conﬁrmed
and, notably, point to a role for PEP as a negative regulator of MAF2–
MAF5 genes. The biological signiﬁcance of this function is at present
unclear because, aside from MAF1 and MAF2, the precise roles of the
remaining MAF proteins as repressors of ﬂowering still require
experimental conﬁrmation (Ratcliffe et al., 2003; Alexandre and
Hennig, 2008). MAF2 was suggested to prevent ﬂowering in response
to short cold periods, however vernalization did not modify MAF2
expression, and MAF4 expression was not signiﬁcantly affected, at
least in the Columbia background (Ratcliffe et al., 2003). MAF5
expression even increased after prolonged cold treatment, indicating
the possibility of being a ﬂoral activator (Ratcliffe et al., 2003).
On the other hand, average MAF1 steady state mRNA levels were
found to be approximately half the amount of FLC levels present in the
Col-0 plants used in this study. However, RNA levels for the remaining
MAF genes were extremely low in the same wild-type background,
ranging from 6% (MAF2) to 1.5% (MAF4) relative to the corresponding
FLC measurements. Thus, assuming a participation of MAF2 to MAF5
gene products in ﬂowering time control, they may perform compara-
tively minor roles. Overall, our data suggest that PEP modulates the
ﬂoral transition mainly by activating FLC.
FLK and PEP may operate through a common pathway, affecting FLC
expression independently from FCA
PEP and FLK mRNA expression was measured in 35S::PEP plants
along with ﬂk-2 and pep mutants. PEP mRNA levels were low in the
wild type and pep-2 mutants (Fig. S2), while pep-4 plants were
Fig. 5. Real-time PCR expression analysis of MAF genes in WT and the pep-4 and 35S::
PEP mutant backgrounds. Different primer sets were used to amplify speciﬁc products
corresponding to MAF1/FLM (A), MAF2 (B), MAF3 (C), MAF4 (D) and MAF5 (E) genes
(see Table S1 for oligonucleotide sequences). Values aremeans±SE corresponding to at
least three interassay replicates.
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previous work (Ripoll et al., 2006). Conversely, individuals bearing
the 35S::PEP construct accumulated several-fold more PEPmRNA than
wild-type plants (Figs. 6A and S2). PEP and FLK expression was also
measured in the ﬂk and pep mutant backgrounds, respectively (Figs.
6A, B and S2). However, no signiﬁcant differences in transcript
expression were observed to conclude that PEP and FLK regulate each
other at the transcriptional level or, given themolecular nature of both
gene products, by post-transcriptional mechanisms.
Nevertheless, genetic and molecular data regarding FLC expression
indicate that PEP plays a role in ﬂowering time regulation acting
opposite and either in parallel or downstream from FLK. In an attempt
to clarify this issue the 35S::PEP construct was introduced into the ﬂk-
2 background to measure ﬂowering time and FLC levels. It is worth to
mention that strong PEP expression was veriﬁed in ﬂk-2 35S::PEP
plants (not shown), thus ruling out eventual RNA suppression of the
PEP transgene by viral 35S-promoter sequences (Daxinger et al.,
2008) harbored by SALK T-DNA collection alleles as ﬂk-2 (Alonso et al.,2003). Then, if FLK and PEP act independently, additive effects should
be expected in the resulting plants. On the contrary, if FLK works
upstream of PEP, ﬂowering time and FLC levels in ﬂk-2 35S::PEP should
not exceed those of ﬂk-2 single mutant plants. Indeed, ﬂk-2 and ﬂk-2
35S::PEP individuals displayed a very similar ﬂowering behavior (Figs.
6C and S4). Furthermore, FLCmRNA expression did not increase in ﬂk-
2 35S::PEP plants with respect to ﬂk-2 single mutants (Fig. 6D). These
results are compatible with FLK and PEPworking on the same route. In
a common pathway, FLK might repress FLC, at least partially, by
reducing the activity of factors as PEP (and likely other gene functions
redundant with PEP). Nevertheless, our data do not preclude
independent roles of FLK and PEP on FLC regulation.
In order to establish a comparison with the above results, we
investigated the interplay among FLK and FCA, the latter encoding an
RRM-type RNA-binding protein with a pivotal role in the autonomous
pathway (Macknight et al., 1997). We crossed ﬂk-2 plants with
individuals harboring the strong fca-9 allele (Page et al., 1999). Plants
carrying both mutations in homozygosis were extremely late-ﬂower-
ing in an additive or even synergistic fashion (Figs. 6E and S5), being
the phenotype of a number of fca-9 ﬂk-2 plants more extreme than
expected from simple addition of the parental genotypes. Actually,
some plants never ﬂowered after more than 130 days from sowing,
when these experiments were stopped. This indicates that both
putative RNA-binding polypeptides most likely promote ﬂowering
independently. Indeed, FLC expression levels in fca-9 ﬂk-2 and fca-9
plants correlate with ﬂowering time genetic results (Fig. 6F), hence
reinforcing the view that both genes act in parallel. Interestingly, the
response of fca-9 plants bearing the 35S::PEP construct was also
additive (Fig. S6), being consistent with the notion of PEP and FCA
acting independently on FLC.
PEP exhibits nuclear localization and may regulate FLC expression at
transcriptional and post-transcriptional levels
FLK and PEP are presumptive RNA-binding proteins of the PCBP
type. Nevertheless, recent ﬁndings provide evidence indicating that
autonomous-pathway genes encoding RNA-binding proteins as FCA,
FPA and FLK may participate in transcriptional silencing of target loci
(Bäurle et al., 2007; Liu et al., 2007; Bäurle and Dean, 2008; Veley and
Michaels, 2008). This is of particular relevance regarding RRM-
domain proteins FPA and FCA, previously thought to inﬂuence FLC
post-transcriptional modulation (Bäurle et al., 2007; Liu et al., 2007;
Bäurle and Dean, 2008). Moreover, in addition to their numerous
functions in the course of post-transcriptional regulation, the roles of
PCBPs during transcriptional control and chromatin remodeling are
documented (Da Silva et al., 2002; Bomsztyk et al., 2004; Kim et al.,
2005; Rivera-Gines et al., 2006).
To get insight about the level(s) of control at which PEPmodulates
FLC expression, we quantiﬁed by real-time RT-PCR relative levels of
accurately spliced and intron-containing transcripts corresponding to
distinct regions of the gene. Wild-type, pep-4 and ﬂk-2 plants were
examined along with the fca-9 mutant (Fig. 7). In agreement with
recent results for fca-9 (Liu et al., 2007), a global increase of spliced
and unspliced products with respect to the wild type may reﬂect an
increment in transcriptional activity (Fig. 7). Similarly, a rise of
unspliced along with correctly processed transcripts was detected in
ﬂk-2 mutants as well, suggesting that FLK also suppresses FLC, at
least partially, at the transcriptional level as recently proposed (Veley
and Michaels, 2008).
Interestingly, levels of correctly spliced FLC transcripts correspond-
ing to different regions of the gene diminished in the pep-4
background (Figs. 7A and C). On the contrary, rather than a decrease,
a relative accumulation of transcripts retaining sequences of introns 1
and 6 was also observed (Figs. 7B and D). These results are compatible
with a defect in RNA processing thereby favoring a role for PEP during
post-transcriptional regulation. It must be noted that these
Fig. 6. FLK and PEP act independently from FCA. Relative PEP (A) and FLK (B) mRNA levels quantiﬁed by real-time PCR. (C, E) Flowering time under LD conditions. WT, 35S::PEP and
ﬂk-2 plants correspond to different sample sets from those represented in previous ﬁgures. Error bars indicate SE (n≥40). (D, F) Real-time PCR analysis of FLC mRNA in WT and
diverse mutant backgrounds as described above (Fig. 2D). Values are means±SE corresponding to at least three interassay replicates.
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FLC expression results based in the detection of a different correctly
spliced product between exons 2 and 5 (Figs. 2D, 4B, 6D and F, 7E
and S2).
Notwithstanding the relative accumulation of intron-containing
products in pep-4 plants, our results (Fig. 7 and data not shown)
reﬂect a global decrease of FLC transcripts with respect to the wild
type that could be also consistent with a role for PEP as a
transcriptional activator of FLC. These ﬁndings suggest that PEP may
probably perform a dual role promoting both transcription and
processing of the nascent transcript, as exempliﬁed by other animal
and yeast KH proteins of the PCBP type (Expert-Bezançon et al., 2002;
Makeyev and Liebhaber, 2002; Bomsztyk et al., 2004; Venables et al.,
2008).
This hypothesis also implies that PEP must enter the nucleus to
carry out its functions on FLC expression. Since PCBP-type proteins
accomplish numerous biological functions in different cell compart-
ments (Makeyev and Liebhaber, 2002), it was necessary to examine
the distribution of the PEP protein inside the cell. To establish its
cellular localization, the PEP cDNA was translationally fused to the
green ﬂuorescent protein (GFP)-coding region. 35S::GFP-PEP trans-
genic plants were late-ﬂowering (Fig. 8A), reinforcing the notion of
PEP as a negative regulator of the ﬂoral transition. Roots of young
seedlings were examined by confocal microscopy, revealing pre-
dominant PEP accumulation in the nucleus (Figs. 8B and C),
consistent with a role for PEP in gene regulation during transcription
and co-transcriptional processing. Besides, this result matches the
subcellular localization reported for FLK (Lim et al., 2004; Mockler
et al., 2004).Discussion
PEP: a KH-domain protein modulating the ﬂoral transition via FLC
activation
PEP and FLK are paralogous RNA-binding proteins similar to
hnRNPs of the PCBP type which share a conﬁguration with three KH
domains (Makeyev and Liebhaber, 2002; Lim et al., 2004; Mockler et
al., 2004; Ripoll et al., 2006). In animal and yeast cells PCBPs are
engaged in all steps from transcription to nascent transcript matura-
tion, transport, stability and translation (Wilkinson and Shyu, 2001;
Makeyev and Liebhaber, 2002; Bomsztyk et al., 2004; Keene and Lager,
2005). This high versatility enables them to modulate different
developmental operations (Makeyev and Liebhaber, 2002). Our
results provide compelling evidence about the functional relationship
between PEP and FLK regulating the developmental transition to
ﬂowering. Both proteins show opposing effects, revealing the
participation of PEP as an activator of the gene encoding the key
ﬂowering repressor FLC, and hence as a negative regulator of the
reproductive switch. Several lines of evidence support this view. First,
loss of PEP generates a very modest acceleration of ﬂowering and a
remarkable degree of rescue of the ﬂk late-ﬂowering phenotype,
which correlate with lower levels of FLC expression. Second, PEP
overexpression confers late ﬂowering in both long- and short-day
conditions and it is responsive to GA and vernalization, features
reminiscent of autonomous-pathway loss-of-function mutants
(Mouradov et al., 2002). Correspondingly, PEP overexpression leads
to an important increase in FLC RNA level. Third, the ﬂc-3 null
mutation is epistatic on 35S::PEP, which demonstrates clearly the
Fig. 7. Relative FLC mRNA levels quantiﬁed by real-time PCR corresponding to distinct
regions of the gene in WT and diverse mutant backgrounds. (A) Spliced transcript
between exons 1 and 2 (E1–E2). (B) Accumulation of intron 1-retaining transcripts
(exon 1–intron 1; I1). (C) Fully spliced product between exons 4 and 7 (E4–E7). (D)
Accumulation of intron 6-retaining transcripts (exon 6–intron 6; I6). (E) Schematic
diagram of the FLC gene structure. Exons are depicted as black boxes. The grey bar
denotes the relative extension of introns. Positions of regions encompassed by different
primer pairs used to amplify distinct PCR products are indicated. The properly spliced
transcript between exons 2 and 5 corresponds to the product used to measure relative
FLC levels in previous ﬁgures. No ampliﬁcation product was detected without prior
retrotranscription. See Table S1 for oligonucleotide sequences. Values are means±SE
corresponding to at least three interassay replicates.
Fig. 8. The PEP protein exhibits nuclear localization. (A) Transgenic plants (25-day-old)
for the 35S::GFP backbone construct (left) ﬂower earlier than those containing the 35S::
GFP-PEP fusion construct (right). (B, C) Confocal ﬂuorescence images show root cells of
transgenic plants expressing the 35S::GFP-PEP fusion gene (B) and the backbone 35S::
GFP construct (C). GFP signal in nuclei in panel (B) is indicated by arrows. Scale bars,
100 μm.
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circumstantial evidence comes from largely overlapping FLC and PEP
spatial expression patterns (Michaels and Amasino, 2000; Ripoll et al.,
2006), as indicated for other FLC regulators (Macknight et al., 2002).
Diverse attributes of PEP parallel those of HUA2, another FLC
activator (Doyle et al., 2005; Wang et al., 2007) encoding a protein
with an RPR domain found in RNA-processing factors and initially
shown to be an AG positive regulator (Cheng et al., 2003). We provide
evidence that PEP and HUA2 act in concert activating FLC. Indeed, ﬂk
hua2 pep triple mutants are basically wild-type regarding ﬂowering
time, being their FLC mRNA levels even lower than those in the wild
type. Loss of HUA2 function was shown to attenuate late ﬂowering in
plants carrying FRI alleles, the photoperiod pathway mutant co, and
the autonomous-pathway mutants fpa and ld (Doyle et al., 2005).
Now, we extend those observations by including ﬂk among late-
ﬂowering mutants rescued by hua2. Nevertheless, albeit HUA2 andPEP may cooperate activating some ﬂoral repressors, this may not be
a general rule since pep does not rescue the photoperiod co mutant
(not shown). In line with this view, expression of FLM/MAF1 is largely
unaffected by PEP activity whereas HUA2 was shown to activate this
member of the FLC clade (Doyle et al., 2005). Similarly, HUA1 and
HUA2 cooperate in AG activation (Cheng et al., 2003) but HUA1 does
not seem to affect ﬂowering time, thereby making conceivable
different mechanisms to control AG and FLC expression, respectively
(Doyle et al., 2005). As shown in other biological systems (Wilkinson
and Shyu, 2001; Keene and Lager 2005), different combinations of
Arabidopsismultifunctional RNA-binding proteins may allow a higher
level of coordination to orchestrate complex developmental functions
with a limited number of genes.
It is noteworthy that MAF2 to MAF5, the remaining genes of the
FLC clade, seem to be under negative control by PEP. The signiﬁcance
of this ﬁnding is uncertain by now. MAF2 to MAF5 are arranged in a
very tight cluster, however their expression is differentially affected by
diverse regulators and stimuli, indicating functional differences
among them (Ratcliffe et al., 2003; Alexandre and Hennig, 2008).
MAF2 expression, for instance, was suggested to compensate for the
decrease of FLC after short exposures to cold temperatures, thus
preventing precocious ﬂowering in the wild type (Ratcliffe et al.,
2003). Upregulation of the clusteredMAF genes, although individually
moderate, might contribute to explain why pep plants exhibit only a
very slightly precocious ﬂowering despite the important reduction in
FLC levels.
Fig. 9. Schematic model of FLK and PEP interactions in the context of the Arabidopsis
thaliana autonomous pathway. According to this model FLK represses FLC partly
through downregulation of FLC activators as PEP and perhaps HUA2. Likewise,
independent actions on the FLC gene are also contemplated. For simplicity, a sequential
action among FLK and hypothetical intermediate genes is presented. As discussed in the
main text, however, alternative scenarios are also considered in which gene products
interact in common regulatory protein complexes. Positive regulation is indicated by
arrows and T-bars denote negative regulation. Hypothetical interactions are depicted
with dotted lines. FCA acts on FLC both independently and upstream from FLD, whereas
FPA, FCA and FLK show parallel functions (Bäurle et al., 2007; Bäurle and Dean, 2008;
this work). Likewise, FPA interactions with FLC may be largely dependent on FLD
activity (Bäurle and Dean, 2008).
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independently from FCA
Overall, our loss- and gain-of-function genetic studies during ﬂoral
transition, together with FLC expression data, are consistent with PEP
acting antagonistically and in parallel to or downstream from FLK.
Mild effects of single pep mutants are in striking contrast with the
robust rescue (albeit incomplete) of ﬂk-2 lateness in ﬂk-2 pep plants.
This is reminiscent, for instance, of downstream redundant regulators
of the CLAVATA1 (CLV1) signaling pathway POLTERGEIST (POL) and the
related gene POL LIKE1 (PLL1), whose mutations yield a wild-type
appearance, yet able to provide partial suppression of strong clv
phenotypes (Yu et al., 2000; Song and Clark, 2005; Song et al., 2006).
Notably, rather than showing additive phenotypes, ﬂk-2 35S::PEP
plants are very similar to ﬂk-2 single mutants regarding ﬂowering
time and accumulated levels of FLC mRNA (Figs. 6 and S4). These
results are concordant with the possibility of FLK and PEP operating in
the same route. Assuming an FLK inﬂuence in post-transcriptional
regulation, the presence of elements downstream from FLK (as PEP)
might account for the failure of E. coli-expressed FLK to show any
interaction with the FLC transcript (Mockler et al., 2004). However,
although suggestive, our data do not unquestionably demonstrate a
linear action, hence independent roles of PEP and FLK on FLC
expression cannot be ruled out. Actually, both situations are not
mutually exclusive events as recently reported for other autonomous-
pathway genes as FCA, FPA and FLD (Liu et al., 2007; Bäurle and Dean,
2008).
As a comparison with the interactions between PEP and FLK we
studied the interplay with FCA. Previous data suggesting that FLK, FCA
and FPA do not regulate the expression of each other (Lim et al., 2004)
are consistent with more recent ﬁndings showing independent FCA
and FPA roles (Bäurle et al., 2007). Likewise, FLK was shown to act
independently of both FCA and FPA (Bäurle and Dean, 2008). Our
results support that FCA and FLK act independently. Flowering in fca-9
ﬂk-2 individuals was extremely delayed beyond fca-9 values, in good
agreement with the corresponding FLC mRNA levels observed.
Moreover, we noticed that fertility was seriously compromised in
fca-9 ﬂk-2 plants (our unpublished results), a trait not observed in
either single mutant. Interestingly, strong reduction of fertility was
also reported for fca fpa (Bäurle et al., 2007) and other autonomous-
pathway double mutant combinations as fpa ﬂd, fpa fve, and fpa ld
(Veley and Michaels, 2008).
The effects of fca-9 and PEP overexpression on ﬂowering timewere
also additive. Therefore, as depicted in Fig. 9, we propose that FLK and
PEP act on FLC independently from FCA. In this model, FLKmay in part
repress FLC by downregulating PEP (and perhaps HUA2). Thus, ﬂk
late-ﬂowering phenotype could be originated (at least partly) by
releasing FLC-activating factors as PEP from negative regulation.
According to this scheme, loss of PEP and/or HUA2 functions should
alleviate the effect of the ﬂk mutation due to removal of positive
regulators of FLC.
Considering the scenario in which FLK and PEP participate in the
same pathway, an interesting issue to be addressed in future efforts is
the nature of the molecular interaction between both genes. Given the
multiplicity of functions accomplished by PCBP-type KH proteins,
including nucleic acid–protein and protein–protein interactions
(Makeyev and Liebhaber, 2002; Bomsztyk et al., 2004), molecular
interplay between FLK and PEP might be as members of common
protein complexes. Biological processes regulated by antagonistic
RNA-binding proteins are not unprecedented. Drosophila X-fragile-
related FMRP1 homolog, dFMR1, acts in an RNP complex limiting the
activity of the germline-speciﬁc polyadenylation factor orb (Costa et
al., 2005). A crucial developmental operation in mammals, timing of
the switch from proliferation to neuronal differentiation, is regulated
via mutually antagonistic interplay between hnRNP K and the RRM-
motif protein Hu (Yano et al., 2005). This does not exclude, however,concurrent processes at the mRNA level, as transcript processing,
transport or translational control.
Large-scale post-transcriptional regulation of genes encoding post-
transcriptional regulators has been demonstrated in human cells,
which may facilitate fast and ﬁne-tuning responses (Harris et al.,
2004). As our results suggest, analogous regulatory systems may also
contribute to the modulation of the complex signaling networks
which coordinate plant development.
Transcriptional versus post-transcriptional FLC regulation
FPA and FCA proteins repress FLC transcription (Bäurle et al., 2007;
Liu et al., 2007), and other autonomous-pathway genes including FLK
may act similarly (Bäurle and Dean, 2008; Veley and Michaels, 2008).
Moreover, contribution of KH domain-containing proteins in chro-
matin silencing regulation was documented for human PCPB-2 (Du et
al., 2004). In maize, the RS2-interacting KH (RIK) protein was
proposed to be involved in knox loci silencing (Phelps-Durr et al.,
2005). Besides, PCBPs have been identiﬁed as transcription factors in a
number of cases (Da Silva et al., 2002; Bomsztyk et al., 2004; Kim et al.,
2005; Rivera-Gines et al., 2006). Therefore, this raised the question
about the level at which FLC is controlled by PEP. In the light of the
data presented here, we propose a dual role coupling transcription
and post-transcriptional modiﬁcations. A marked reduction of
properly spliced forms of FLC in pep-4 mutants, together with a rise
in intron-containing transcripts as compared to the wild type (Fig. 7),
ﬁts with a function in transcript processing. Early ﬂowering in
mutants deﬁcient in a nuclear cap-binding protein was correlated
with impairment of FLC due to mRNA-processing defects (Kuhn et al.,
2007). Moreover, among its numerous tasks multifunctional hnRNP K
performs a role as a component of a splicing enhancer complex
(Expert-Bezançon et al., 2002; Bomsztyk et al., 2004; Venables et al.,
2008).
On the other hand, despite the relative accumulation of intron-
containing transcripts, total amount of FLC transcripts decreased in
pep-4mutants (Fig. 7 and results not shown) which is also compatible
with a role for PEP as a transcription factor. This might explain the
robust self-activating activity of PEP in yeast (not shown). Interest-
ingly, HUA2 was also reported to exhibit transcription activation
activity in yeast, and to interact with a yeast splicing factor (Li et al.,
261J.J. Ripoll et al. / Developmental Biology 333 (2009) 251–2622001; Cheng et al., 2003). Therefore, HUA2 was postulated to
participate in the coordination of mRNA synthesis and subsequent
processing events (Cheng et al., 2003). In line with that view, our data
are also consistent with a dual role for PEP in transcriptional and post-
transcriptional activation of FLC, and provide further insights into how
the activity of this master negative regulator of ﬂowering is tightly
modulated in order to control the transition to reproductive
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